Abstract. The final goal of this research was to design and fabricate a compact
Introduction
Food safety in the poultry industry is ongoing problem. Several deaths occur each year from public consumption of contaminated poultry. Potential contamination can occur when feces or ingesta is deposited on the surface of the carcass. Identification and separation of the birds contaminated by feces is critical to protect the consumer from a potential source of food poisoning.
Multispectral imaging, in which two to about ten different spectral bands image is obtained and hyperspectral imaging that measures even more than ten spectral bands have been used for contaminant detection for poultry carcass (Park et al., 2004) . Park et al. (2006) have conducted hyperspectral image analysis on poultry carcasses contaminated by the feces and found that two spectral bands were useful to segregate fecal contaminants on the poultry carcass. According to their studies, a ratio of the specific two spectral bands (565 nm / 517 nm) can be an indicator of the presence of fecal contaminants on the poultry carcass as higher ratio suggests greater chance of being contaminants.
In this paper, a dual-band spectral imaging system that can acquire two spectral band images was developed for poultry contaminant detection. By incorporating an interchangeable filter design, imaging system can measure any two spectral bands without complicated manufacturing process. This paper focuses on the development of the prototype imaging system along with an image calibration algorithm, and an evaluation of the developed imaging system on the image registration accuracy. The developed imaging system is also tested for poultry contaminant detection using real poultry carcasses and contaminants.
MATERIALS AND METHODS

Optical System Design
The dual-band spectral imaging system developed in this research is a two-port camera system that consisted of two identical monochrome CCD cameras (EC1380, Procilica, British Columbia, Canada), an optical system (Edmund Optics, Barrington, NJ), and two narrow bandpass filters, as shown in Figure 1 . To develop the system cost-effectively, the entire system was designed with off-the-shelf products and assembled manually. The optical components of the imaging system consisted of a front lens unit, a beamsplitter, two bandpass filters and two back lens units. A light reflected at an object was collected and collimated by the front lens unit, which consisted of two lenses with a 25 mm diameter, and then split into two ways by a beamsplitter as 50% of the light was reflected at right angle and another 50% was transmitted straight. Two bandpass filters were enclosed in C-mount filter holders and attached at the each exit port of the beamsplitter. This design would allow the imaging system interchange the filters without complicated manufacturing process. This is a great advantage in terms of a flexibility of the spectral bands selection, as compared to conventional multispectral imaging systems that integrate filters and sensors in one unit. Two narrow bandpass interference filters (Omega Optical, Inc, Brattleboro, VT) that had central wavelengths (CWL) at 520 nm and 560 nm, respectively, with 10 nm FWHM, were implemented for poultry contaminant detection. An identical back lens unit, which consisted of two positive achromatic lenses with 12.5 mm diameter and an aperture stop, focused an image on the CCD sensor of the each camera. The back lens unit was capsulated by a helicoid barrel that allowed the lenses to travel up to 7.5 mm along the optical axis for adjusting a focus. A fixed aperture (4 mm diameter) was placed in between the two lenses of the back lens unit. The focal length of the imaging system could be configured by combination of the two lenses of the front lens unit. Therefore, the imaging system could have various focal lengths by using different front lens units without disassembling the whole system. Two types of lens configurations were prepared for this research. One lens unit, that consisted of 500 mm positive achromatic lens and -50 mm negative achromatic lens, had a magnification equivalent to a 15 mm focal length. With 400 mm achromatic lens and -25 mm double concave lens (DCV), another lens unit had a 10 mm focal length. The paraxial specifications of two lens units were summarized in the table 1. Both lens systems had similar f/number, which was quite large because of their small aperture stop. Compared to the 15 mm lens system, the 10 mm lens system had an advantage in terms of a size of field of view it could capture. However, it would be expected to develop severer distortion on the image because of the -25 mm DCV used in the lens system. 
Image Calibration
The original image taken by the dual-band spectral imaging system suffered from an image misalignment. Figure 2 showed the images of a fixed frequency grid distortion target that had total 441 (21 ×21) dots with 10 mm spacing taken by the imaging system. The overlay image demonstrated that the dots in two images did not overlay at all. A lack of precision on the lenscamera manufacturing contributed geometrical misalignment between two image coordinates, which was critical to the fecal contamination detection algorithm based on the ratio of two images. The CCD sensor itself had a tolerance of ±0.15 mm on the position of the active image area relative to sensor package. Combined with a tolerance on the position of the sensor relative to the camera, the total position tolerance was about ± 0.25 mm. Considering the size of the pixel of the sensor (6.45 µm), the sensor positioning tolerance would cause about ± 39 pixels offset between images taken by two different cameras. The lens system also contributed the coordinate misalignment. Because the incident lights reflected at the same point went through different optical path after the beamsplitter split the lights in two ways, even though their optical designs were same, some lens manufacturing tolerances had to be taken into account (Fischer & Tadic-Galeb, 2000) . Furthermore, imperfect lenses and lens placement created a nonlinear deformation on the image that was contaminated by a lens decentering and radial distortion. The right image of the figure 3 is a same distortion target taken by the imaging system with 10 mm lens system. A severe negative (barrel) distortion was appeared on the image. Lens distortion was especially significant for those optical systems that had a wide field-of-view associated with a thick lens, which, in case of the 10 mm lens of this imaging system, the -25 mm DCV of the front lens unit was responsible for this severe distortion.
The camera calibration process in this research was two steps: First, correct a lens-oriented error by applying a mathematical lens distortion model; Second, correct a sensor positioning error by projecting one image onto another image based on a pinhole projection.
A lens distortion of the image was corrected by applying a mathematical lens distortion model to the distorted image. It is known that the most dominant factor contributing to the distortion is the radial component, especially the first term plays significant roll. In this research, two-order distortion model proposed by Zhang (1998) was used for the lens distortion correction.
Let (u i , v i ) be the ideal, undistorted image coordinates, and
Radial lens distortion is modeled by: 
where, k 1 and k 2 are coefficients of the radial distortion, (u 0 , v 0 ) is the center of the radial distortion. (x i , y i ) is the undistorted normalized coordinates, and is expressed as; The seven lens distortion parameters, k 1 , k 2 , u 0 , v 0 , f x , f y , f xy were calculated by Zhang's method. More than two images of known planar pattern, such as a grid distortion target shown in figure  3 , from different viewpoints were needed for the calibration. In this research, the distortion target shown in figure 3 was used as a target and placed on an optical table in ten different angles. As the result, the parameters shown in table 2 were obtained. Because the first term of the distortion function is the dominant factor of the radial distortion, the degree of distortion that the each lens would introduce on the image could be roughly known from the parameter k 1 . With having 10 mm lens system much larger k 1 than 15 mm lens system, the result of lens distortion calibration test confirmed that the 10 mm lens system could cause severer distortion on the image than 15 mm lens system. As the result of the lens distortion correction, the unique distortion on the original image was eliminated and the new undistorted image was subject to the ideal pinhole camera geometry in which a 2D image of a 3D object was formed by perspective projection. If the optical axes of two cameras are correctly aligned by the lens distortion correction and the two sensors are in parallel each other, the geometric relationship of the two images can be described by 2D linear projective transformation. Assume a given point in image frame 1, m 1 =(x 1 ,y 1 ) T , presenting a same object image frame 2, m 2 =(x 2 ,y 2 ) T . The geometric relationship of those two points can be described by the following equation: 
With some known corresponding points between two images, the projection matrix of the equation (3) can be calculated by a least squares method. In this research, the ten images used for the lens distortion correction were used to calculate the projection matrix, and as the result, following matrix was obtained: 
Results and Discussions
Evaluation on Image Registration Accuracy
Static tests were conducted to evaluate an image registration accuracy of the two lens systems. With the imaging system fixing on the optical table, the distortion target was placed perpendicular to the optical axis of the imaging system at six different distances with 5 cm separation. A two-band image was taken by the imaging system at each distance, and then the calibration method and parameters described in previous section were applied to the image. The locations of the center of the dots in the images were detected by an image processing and the offset of corresponding points between two images were calculated as the image registration error. Figure 3 demonstrated that a two-band image taken with 15 mm lens system at 50 cm was registered accurately as the result of the image calibration. A composite image (left) showed that the misalignment of the two images appeared on the figure 2 was corrected, in which all dots were accurately aligned over two images. The bubble chart (right) showed a spatial distribution of the registration error over the image with a size of bubble at each location indicating the registration error at the corresponding dot in the composite image. It showed that the registration accuracy was fairly uniform over the image, and of total 441 dots, only 23 of them had a registration error larger than one pixel. The average registration error over the image was 0.63 pixels, and the maximum error was 1.13 pixels. The test results with 15 mm lens system were summarized in table 3. Overall, very similar results were obtained at all distances tested, at 50 cm, 55 cm, 60 cm, 65 cm, 70 cm, and 75 cm. Because the target object for this research was a chicken carcass, it was very important to know that the algorithm could perform image registration on 3D objects consistently. As for the 15 mm lens system, the result proved that the dual-band imaging system with the image calibration method could provide registered band image of 3D objects with less than a pixel error. The result of the test with 10 mm lens system was also summarized in table 3. Again, consistent results were obtained from the all images. However, the registration accuracy was much worse than one of 15 mm lens system. Prominent registration error was appeared around the perimeter of the image. The image registration algorithm in this research was designed for the undistorted images that could be modeled by a pinhole projection. Because the amount of radial distortion on the original image increased radially around the lens center on the image, the large registration error found at the corners of the image must be a result of imperfect lens distortion correction. The static tests with two lens systems confirmed that an accurate lens distortion correction was crucial for good image registration accuracy.
Fecal Detection Accuracy
The imaging system was also tested with chicken carcasses contaminated by the feces (duodenum, cecum, colon) and ingesta. The carcass was hung on a shackle with facing to the imaging system with approximately 50 cm separation. Fecal samples were manually introduced on the carcass surface at several locations. Two-band images were acquired by the imaging system with 15 mm lens system and examined that how reliable the fecal contamination could be detected.
Contaminants
T=1.00 T=1.08
Figure 4 Result of the contaminant detection; Four type of contaminants, duodenum, cecum, colon, and ingesta were manually deposited on the carcass surface; Two thresholds, 1.00 and 1.08 were applied to the two-band image; Black pixel in the images suggested contamination detected by each threshold; Black circle in the image of T=1.00 suggested the location where large false-positive errors were found. Figure 4 showed one of the images of a chicken carcass taken by the imaging system with 15 mm lens system and the detection results based on the band-ratio algorithm. Four types of contaminant materials, colon, cecum, duodenum, and ingesta were manually deposited on the chicken carcass at the breast area. The ratio of the two images (560 nm / 520 nm) was calculated after the background masks were applied to the two images. Pixels less than certain reflectance (2.5% in this specific case) were masked out as the background, and then, fecal contaminants were detected by applying a threshold to the ratio of two images. Two thresholds (T=1.00 and 1.08) were tested: Black pixels in the images indicated contamination detected based on the two thresholds, where the ratio of the two images was greater than the threshold. Overall, the result demonstrated that the four contaminated spots were successfully
Cecum
Duodenum
Colon
Ingesta discriminated from the skin. However, massive false-positive errors were observed in the T=1.00 image. The false-positives were improved as greater threshold (T=1.08) was applied. However, the T=1.08 failed to detect some contaminants, especially duodenum, which could be detected by the T=1.00. To improve overall detection accuracy with less false-positive, it is important to improve detection accuracy on duodenum. Because only one set of optical filters, 520 nm and 560 nm, was tested this time, other filter combinations should be tested to determine if they could enhance the difference between fecal materials and skin better than the current filter combination.
Conclusion
A prototype dual-band spectral imaging system was developed. The imaging system could acquire two images in any spectral bands simultaneously by utilizing two narrow bandpass filters, two monochrome cameras, and optical components. Two types of lens system, a 10 mm focal length and a 15 mm focal length, were designed. The 10 mm lens system had an advantage in terms of a size of field of view, but also had severer lens distortion. A two-step image registration algorithm including lens distortion correction and image projection was proposed. With 15 mm lens system, the dual-band imaging system with the image calibration method could provide accurate registered band image of 3D objects with less than one pixel registration error. However for the 10 mm lens system, severe distortion developed on the image prevented the imaging system and image calibration algorithm to register images as accurate as the 15 mm lens system. It showed that an accurate lens distortion correction, especially radial distortion correction was crucial to achieve precision image registration.
The imaging system, the image calibration and contaminant detection algorithms were tested with chicken carcasses contaminated by feces and ingesta. Based on the two-band image (520 nm and 560 nm) acquired by the imaging system with 15 mm lens system, simple band-ratio algorithm could detect the fecal contaminants on the chicken carcass. However, the prototype imaging system would need further development at the spectral configuration of the optical filter to improve the fecal contaminant detection accuracy.
